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ABSTRACT:  Molecular  structures  such  as  conformation  and  orientation  are 
crucial  in  determining  the  activity  of  peptides  immobilized  to  solid  supports.  In 
this  study,  sum  frequency  generation  (SFG)  vibrational  spectroscopy  was  applied 
to  investigate  such  structures  of  peptides  immobilized  on  self-assembled 
monolayers  (SAMs).  Here  cysteine-modified  antimicrobial  peptide  cecropin  PI 
(CPl)  was  chemically  immobilized  onto  SAM  with  a  maleimide  terminal  group. 

Two  important  characteristics,  length  of  the  poly(ethylene  glycol)  (PEG) 
segment  in  the  SAM  and  location  of  the  cysteine  residue  in  the  peptide,  were 
examined  using  SFG  spectroscopy  to  determine  the  effect  of  each  on  surface 
immobilization  as  well  as  peptide  secondary  structure  and  its  orientation  in  the 
immobilized  state.  Results  have  shown  that  while  each  length  of  PEG  chain 
studied  promotes  chemical  immobilization  of  the  target  peptide  and  prevents 
nonspecific  adsorption,  CPI  immobilized  on  long-chain  (PEG2k)  maleimide 
SAMs  shows  random  coil  structure  in  water,  whereas  CP  1  demonstrates  a-helical 
structure  when  immobilized  on  short-chain  (with  four  ethylene  glycol  units  -  (EG4))  maleimide  SAMs.  Placement  of  the  cysteine 
residue  at  the  C-terminus  promotes  the  formation  of  a-helical  structure  of  CPI  with  a  single  orientation  when  tethered  to  EG4 
maleimide  SAM  surfaces.  In  contrast,  immobilization  via  the  N-terminal  cysteine  of  CPI  results  in  a  random  coil  or  lying-down 
helical  structure.  The  bacteria  capturing/killing  capability  was  tested,  showing  that  the  surface-immobilized  CPI  molecules  via  C- 
and  N-  terminal  cysteine  exhibit  only  slight  difference,  even  though  they  have  different  secondary  structures  and  orientations. 


Wavenumber  (cm '>  Wavenumber  (cm  '> 


c  n 

C-terminus  N-terminus 

immobilized  CPI  immobilized  CPI 


1.  INTRODUCTION 

Antimicrobial  peptides  (AMPs)  serve  as  integral  components  to 
the  immune  system  of  many  species  of  animals.  The  potency, 
broad  range  of  activity,  and  affinity  toward  microorganisms 
render  them  potential  candidates  for  novel  therapeutic  agents, 
adaptive  antibiotics,  and  capture  agents  for  bacteria  after  surface 
immobilization.1-7  In  addition,  biological  devices  to  access 
surfaces  biological  functions  including  cell  signaling,  cell 
adhesion,  targeted  immune  responses,  and  catalytic  reactions 
are  rapidly  emerging  to  include  peptide-based  receptors.5-15 
Immobilized  peptides  may  also  serve  as  linkers  for  the 
attachment  and  orientational  control  of  enzymes  or  other 
proteins  to  solid  supports.16-19 

Because  of  the  excellent  selectivity  and  potency,  AMP -based 
assays  are  beginning  to  outperform  other  common  biosensing 
devices  that  are  based  on  antibody— antigen  binding  and  DNA 
amplification  procedures  such  as  polymerase  chain  reaction 
(PCR).  For  example,  methods  that  use  AMP-based  assays  have 
demonstrated  to  be  easier  than  PCR  and  exhibit  a  broader 
range  of  bacterial  targets  over  the  antibody— antigen  sensing 
techniques.  Numerous  bacterial  biosensors  based  on  AMPs 
have  been  developed.  ’  ’  A  key  component  for  a  biosensor 
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device  is  the  biological  recognition  element,  which  interacts 
with  the  target  pathogen.  The  performance  of  the  biosensor 
(e.g.,  sensitivity,  selectivity,  detection  limit,  precision,  accuracy, 
reproducibility,  working  life,  and  shelf  life)  is  greatly  dependent 
on  the  conformations  and  orientations  of  this  biological 
recognition  element,  usually  interfacial  sensing  biological 
molecules.  In  the  case  of  peptide-based  biomolecules, 
preservation  of  secondary  structure  and  orientation  are  two 
of  the  most  important  criteria  for  high-quality  sensor 
development.”  ’  ~  Numerous  surface  peptide  “anchoring” 
methods  have  been  used  to  improve  the  performance  of 
peptide-based  biosensors,  but  the  relationship  between  the 
peptide  molecular  structure  (e.g.,  conformation  and  orienta¬ 
tion)  and  the  sensor  performance  has  not  yet  been  elucidated 
due  to  a  lack  of  proper  analytical  techniques  for  surface  protein 
and  peptide  characterization,  especially  in  aqueous  environ¬ 
ments. 
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Many  analytical  techniques  have  been  used  for  the 
characterization  of  surface  immobilized  peptides,  including 
scanning  tunneling  microscopy,26  electrical  impedance  spec¬ 
troscopy,27  X-ray  photoelectron  spectroscopy,25’27  Fourier 
transform  infrared  (FTIR)  spectroscopy,  and  circular  dichroic 
(CD)  spectroscopy.27  These  techniques  have  provided 
important  information  regarding  basic  understanding  of 
peptide/protein  structures  and  conformations;  however,  they 
either  lack  surface  sensitivity  or  in  situ  capability,  limiting  their 
use  in  elucidating  the  surface  peptide  structures  in  situ. 
Recently,  sum  frequency  generation  (SFG)  vibrational  spec¬ 
troscopy  has  been  applied  to  investigate  peptides  and  proteins 
at  solid/liquid  interfaces  in  situ.  SFG  is  a  second-order 
nonlinear  optical  spectroscopic  technique  that  has  submono¬ 
layer  surface  specificity.  In  our  group,  we  have  successfully 
developed  systematic  methodologies  to  determine  interfacial 
orientations  of  various  secondary  structures  such  as  the  a-helix, 
310  helix,  /5-sheet,  and  complex  proteins  such  as  heterotrimeric 
G  proteins  using  polarized  SFG  spectra.28-30'45  We  applied 
these  methods  to  deduce  interfacial  orientations  of  a  variety  of 
peptides  and  proteins  including  magainin  2,  melittin, 
alamethicin,  GRK2,  and  tachyplesin  I.28-  1,45,46  In  particular, 
we  examined  orientation  of  physically  adsorbed  and  chemically 
immobilized  a-helical  cecropin  PI  (CPl)  on  polymer 
surfaces.3-'47  To  ensure  chemical  immobilization,  the  C- 
terminus  of  CPI  was  modified  with  a  cysteine  residue 
(CPlc),  which  forms  a  stable  thioether  linkage  with 
maleimide-derivatized  polystyrene  (PS-MA).  Physical  adsorp¬ 
tion  of  CPlc  onto  a  polystyrene  surface  yielded  a  multiple- 
orientation  distribution  and  could  not  be  described  by  a  delta 
or  Gaussian  distribution.47  However,  CPlc  peptides  chemically 
immobilized  onto  the  PS-MA  exhibited  an  orientation  angle  of 
35°  versus  the  surface  normal.  When  the  cysteine  was  moved  to 
the  N-terminus  of  CPl(cCPl),  cCPl  exhibited  a  single 
orientation  distribution  at  the  PS-MA/peptide  solution  inter¬ 
face  at  low  peptide  concentrations.  At  higher  peptide 
concentrations  (>1.23  ^M),  the  cCPl  peptides  adopted  a 
multiple-orientation  distribution. 

In  this  work,  we  applied  SFG  spectroscopy  to  investigate 
molecular  structure  of  immobilized  peptides  on  maleimide- 
terminated  self-assembled  monolayers  (SAMs).  Our  study 
described  herein  aims  to  characterize  the  extent  of  secondary 
structure  and  orientation  of  CPI  on  maleimide  SAMs  with  two 
different  PEG  lengths  (PEG2k  and  EG4  —  four  ethylene  glycol 
units)  as  well  as  two  different  attachment  points  on  CPI  (cCPl 
and  CPlc).  Lastly,  the  activity  of  immobilized  CPI  was 
measured  to  characterize  the  relationship  between  immobilized 
peptide  structure  and  bacteria  capturing/killing  ability. 

2.  EXPERIMENTAL  SECTION 

2.1.  Substrates  and  Maleimide  SAM  Growth.  Typically 
SAMs  are  prepared  on  gold,  Si02,  or  Si  surfaces.  These 
materials  are  not  transparent  to  infrared  wavelengths,  which  are 
used  to  monitor  the  amide  I  group  of  CPI  (1500—1800  cm-1). 
To  have  a  substrate  that  was  not  only  transparent  in  the 
infrared  but  also  reactive  to  the  silane  end  groups  in  our  SAMs, 
we  deposited  a  100  nm  layer  of  Si02  film  onto  a  CaF2  substrate. 
The  schematic  of  substrate  preparation  and  sample  geometry  is 
detailed  in  Figure  1.  Right-angle  CaF2  prisms  were  purchased 
from  Altos  Photonics  (Bozeman,  MT).  These  CaF2  prisms 
were  soaked  in  toluene  (purchased  from  Aldrich  (Milwaukee, 
WI)  and  used  as  received)  for  24  h  and  then  sonicated  in  1% 
Contrex  AP  solution  from  Decon  Laboratories  (King  of 


Article 


Figure  1.  Schematic  of  CPI  molecules  immobilized  to  a  maleimide 
SAM  on  a  CaF2  prism  substrate. 


Prussia,  PA)  for  10  min.  The  prisms  were  thoroughly  rinsed 
with  Millipore  deionized  water  (18.2  M£2  cm)  and  dried  under 
N2.  They  were  placed  in  an  oxygen  benchtop  plasma  cleaner 
(PE-25-JW)  purchased  from  Plasma  Etch  (Carson  City,  NV) 
for  4  min  immediately  before  being  coated  with  Si02.  A  layer  of 
100  nm  of  Si02  was  deposited  onto  the  CaF2  prisms  by  an 
electron-beam  deposition  process  using  a  SJ-26  Evaporator 
system  at  a  pressure  below  10-5  Torr  at  a  deposition  rate  of  5 
A/s. 

The  Si02-coated  CaF2  prisms  were  treated  with  02  plasma 
for  4  min.  02  plasma  generates  hydroxyl  groups  on  Si02 
surface,  which  react  with  the  silane  end  groups  of  our  SAMs. 
Once  the  prisms  had  been  coated  and  cleaned,  they  were  placed 
into  a  solution  of  1  mM  maleimide-EG4-silane  (Mal-EG4, 
Creative  PEGWorks,  Winston  Salem,  NC,  chemical  structures 
are  shown  in  Figure  l)  or  maleimide-PEG2k-silane  (Mal- 
PEG2k,  Nanocs,  New  York,  NY)  in  anhydrous  toluene  for  48  h 
at  room  temperature.  The  only  difference  between  Mal-EG4 
and  Mal-PEG2k  is  that  the  four  ethylene  glycol  units  in  Mal- 
EG4  were  replaced  by  a  PEG  segment  with  a  molecular  weight 
of  2k.  Finally,  the  functionalized  prisms  were  rinsed  with 
copious  amounts  of  toluene,  followed  by  methanol  and  were 
dried  with  nitrogen.  Anhydrous  toluene  and  methanol  were 
purchased  from  Aldrich  (Milwaukee,  WI)  and  used  as  received. 

2.2.  Cecropin  PI  Immobilization.  N-terminus  cysteine 
modified  cecropinPl  (cCPl,  H2N-CSWLSKTAKKLENSA- 
KKRISEGIAIAIQGGPR— OH,  Mw  =  3442)  and  C-terminus 
modified  cecropinPl  (CPlc,  H2N-SWLSKTAKKLEN SAKKRI- 
SEGIAIAIQGGPRC— OH,  Mw  =  3442)  were  purchased  from 
New  England  Peptide  (Gardner,  MA).  Potassium  phosphate 
(monobasic  and  dibasic)  solution  (PB)  (l  M)  and  tris(2- 
carboxyethyl)  phosphine  hydrochloride  (TCEP)  solution  (0.5 
M)  were  purchased  from  Aldrich  (Milwaukee,  WI).  Ethyl- 
enediaminetetraacetic  acid  (EDTA)  was  obtained  from  Fisher 
Biotech.  The  thiol  moiety  in  the  cysteine  residue  has  a  strong 
affinity  for  the  maleimide  moiety,  which  promotes  the  covalent 
immobilization  of  the  peptide  to  the  SAM-maleimide  surface. 
EDTA  and  TCEP  were  added  as  a  chelating  and  reducing 
agents,  respectively,  to  oxidize  any  metals  present  in  the  buffer 
that  may  cause  the  formation  of  unwanted  disulfide  bonds  as 
well  as  maintain  the  cysteine  residues  in  a  reduced  state. 

Peptide  solutions  of  CPI  were  prepared  by  dissolving  1.87 
f. tM  of  either  cCPl  or  CPlc  into  5  mM  phosphate  buffer  with 
0.03  mM  TCEP  and  0.01  mM  EDTA.  The  resulting  solution 
was  placed  in  contact  with  the  CaF2  substrate  and  SAM  surface. 
During  the  immobilization  process,  the  SFG  amide  I  signal  was 
recorded,  which  indicates  the  immobilization  of  peptides  to  the 
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Figure  2.  (a)  SFG  spectrum  of  the  Mal-PEG2k  SAM/PB  solution  interface,  (b)  SFG  spectrum  of  the  Mal-PEG2k  SAM  immobilized  with  CPlc  in 
contact  with  a  PB  solution,  (c)  SFG  spectrum  of  the  Mal-PEG2k  SAM  immobilized  with  CPlc  in  contact  with  a  TFE-PB  50%— 50%  mixture 
solution. 


SAM  surface.  Once  equilibrium  was  reached  (~2  h  after  initial 
contact),  SFG  spectra  of  maleimide  terminated  SAM/CP  1  PB 
solution  were  collected.  Initially,  the  spectra  can  be  contributed 
by  both  chemically  immobilized  and  physically  adsorbed 
peptides.  To  remove  physically  adsorbed  peptides,  the  CPI 
PB  solution  was  replaced  with  pure  PB.  After  three  separate 
washes  using  the  pure  phosphate  bufFer  solution,  SFG  spectra 
of  chemically  immobilized  CPI  on  maleimide  SAMs  were 
collected. 

2.3.  SFG  Measurements.  Details  regarding  SFG  theories 
and  equipment  have  been  previously  reported45-55  and  will  not 
be  repeated  here.  All  of  the  SFG  experiments  were  carried  out 
at  the  room  temperature  (23  °C).  SFG  spectra  with  different 
polarization  combinations  including  ssp  (s-polarized  SF  output, 
s-polarized  visible  input,  and  p-polarized  infrared  input)  and 
ppp  were  collected  using  the  near  total  internal  reflection 
geometry.54 

2.4.  Immobilized  Peptide  Antimicrobial  Activity  Test. 

SAM  solutions  with  two  different  PEG  lengths  (Mal-PEG2k 
and  Mal-EG4)  were  prepared  using  an  identical  procedure,  as 
outlined  in  Section  2.1.  Glass  slides  were  presoaked  in  the  SAM 
solutions  to  prepare  maleimide-functionalized  surfaces  for 
peptide  immobilization.  These  slides  were  then  incubated  in 
a  1.87  ^(M  CPI  PB  solution  (pH  7.2,  containing  30  fiM  TCEP 
and  10  f,iM  EDTA)  for  2  h  to  immobilize  the  cysteine-modified 
CPI  onto  the  maleimide  SAMs.  After  washed  by  DI  water, 
these  slides  were  then  placed  into  a  Corning  15  mL  tube  with  2 
mL  of  Luria— Bertani  (LB)  media.  Overnight-grown  E.  coli  was 
inoculated  at  a  concentration  of  ~1  X  10s  CFU/mL  to  each 
Corning  tube,  and  tubes  were  placed  in  a  37.5  °C  incubater 
with  shaking  at  150  rpm  for  18  h.55  After  incubation,  the  slides 
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were  removed  and  rinsed  with  sterile  IX  PBS  bufFer  three  times 
and  then  stained  with  appropriate  concentration  of  fluorescent 
dyes,  SYTO-9,  and  propidium  iodide  for  20  min  in  the  dark 
according  to  the  instructions  for  the  LIVE/DEAD  BacLight 
bacterial  viability  kit  (L7012,  Invitrogen,  Carlsbad,  CA).  Stained 
slides  were  observed  under  a  fluorescence  microscope 
(Olympus  1  X  71,  Center  Valley,  PA)  equipped  with  a 
fluorescence  illumination  system  (X-Cite  120,  EXFO)  and 
appropriate  filter  sets.  Images  were  acquired  using  a  60X 
objective  lens  at  five  random  spots  on  slides. 

3.  RESULTS  AND  DISCUSSION 

Our  previous  work  has  shown  that  SFG  is  a  powerful  tool  for 
structural  analysis  of  immobilized  or  adsorbed  peptides  on 
surfaces.32,56  Not  only  has  SFG  been  demonstrated  to  have 
submonolayer  sensitivity  but  also  the  amide  I  peak  character¬ 
istic  of  peptides  and  proteins  is  very  sensitive  to  the  local 
environment,  allowing  for  SFG  to  characterize  the  nature  of 
secondary  structure  presented  at  the  surface.  Compared  with 
attenuated  total  reflectance  FTIR  (ATR-FTIR),  another 
common  surface-sensitive  technique,  the  SFG  amide  I  peak 
(~1650  cm-1)  of  a-helical  structure  seen  in  SFG,  has  minimal 
interference  from  the  peak  for  random  coil  structures.  Because 
of  the  selection  rules  that  govern  second-order  nonlinear  effects 
such  as  SFG,  the  random  oriented  groups  in  a  random  coil 
structure  generate  a  much  weaker  SFG  signal.  Orientational 
analysis  of  surface  peptides  requires  the  collection  of  SFG 
spectra  with  different  polarization  combinations  (e.g.,  ppp  and 
ssp).  For  an  a-helix,  we  have  shown  previously  that  the  /ppp//™ 
signal  strength  ratio  (taken  after  fitting  the^ppja  and  ssp  spectra) 
can  be  used  to  determine  its  orientation.5  ’  The  relationship 
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Figure  3.  (a)  SFG  spectra  of  the  Mal-EG4  SAM/CPlc  PB  solution  interface,  (b)  SFG  spectra  of  the  Mal-EG4  SAM  immobilized  with  CPlc  in 
contact  with  a  PB  solution  after  PB  buffer  wash,  (c)  Time-dependent  SFG  signal  (ssp)  at  1650  cm-1  collected  from  the  wash  process  after  peptide 
immobilization,  (d)  SFG  spectra  of  the  Mal-EG4  SAM  immobilized  with  CPlc  in  contact  with  a  TFE-PB  50%— 50%  mixture  solution  (ppp  and  ssp). 


between  the  XfFp/Xssp  signal  strength  ratio  and  the  CPI 
orientation  described  by  a  delta  or  Gaussian  distribution  has 
been  shown  in  our  previous  paper.32 

In  our  previous  work,  we  had  studied  CPI  immobilized  on  a 
polystyrene  maleimide  (PS-MA)  polymer  where  it  was  shown 
that  CPlc  molecules  at  the  PS-MA/CPlc  buffer  solution 
interface  adopted  a  multiple-orientation  distribution.47  The 
/ppp/Zssp  signal  strength  ratio  was  beyond  the  possible  range 
described  by  a  delta  or  Gaussian  distribution  that  is  indicative 
of  both  chemically  immobilized  and  physically  adsorbed 
species.  Once  the  PS-MA  surface  was  thrice  washed  with  PB 
solution,  the  measured  CPlc  orientation  could  be  described  by 
a  single  orientation  value.  The  following  sections  will  present 
the  experimental  results  obtained  of  the  structures  and 
orientations  of  CPI  immobilized  on  the  PEG  SAMs  with 
maleimide  end  group.  Results  described  herein  will  compare 
the  structure  and  orientation  of  CPI  as  sample  parameters 
(including  the  length  of  PEG  as  well  as  the  location  of  the 
cysteine  residue  within  CPl)  are  varied. 

3.1.  Impact  of  PEG  Length  on  Immobilized  CPlc 
Structure.  Previous  studies  that  performed  activity  tests  of 
immobilized  AMPs  have  demonstrated  that  immobilized  AMPs 
with  a  longer  linker  exhibit  better  antimicrobial  activity.57  Here 
we  applied  SFG  to  study  the  effect  of  different  PEG  lengths  of 
the  maleimide  terminated  SAM  on  the  structure  of  immobilized 
CPlc.  One  long-chain  PEG  (PEG2k)  and  one  short-chain  EG4 
were  investigated.  The  SFG  spectrum  collected  from  the  Mal- 
PEG2k  SAM/PB  solution  interface  is  shown  in  Figure  2a.  No 
discernible  SFG  signal  can  be  detected  in  the  amide  I  frequency 
region,  showing  that  the  maleimide  groups  are  not  present  at 
the  interface  or  are  disordered  at  the  interface.  We  then  added 
the  CPlc  stock  solution  to  the  PB  buffer  in  contact  with  the 


SAM  to  immobilize  CPlc  on  the  Mal-PEG2k  SAM.  SFG 
spectra  were  then  collected  from  the  SAM/CPlc  PB  solution 
interface(not  shown)  and  also  collected  after  replacing  the 
peptide  solution  with  PB  solution  several  times  (washing 
several  times);  identical  SFG  spectra  were  observed.  As  shown 
in  Figure  2b,  this  time  the  SFG  amide  I  signal  can  be  detected 
but  is  very  weak  with  the  peak  center  at  ~1640  cm_1.This 
indicates  that  the  CPlc-immobilized  peptides  exhibit  random 
-coil  structure  at  the  SAM/PB  solution  interface.  The  weak 
SFG  signal  may  be  because  of  the  small  amount  of  immobilized 
peptides,  the  randomly  oriented  peptides,  or  both. 

The  2,2,2-trifluoethanol  (TFE)  is  often  used  as  a  membrane 
mimic  and  is  known  for  inducing  a  conformational  trans¬ 
formation  in  peptides  from  random  coil  to  a-helix.58  With  this 
information,  we  replaced  the  PB  solution  with  50%— 50% 
TFE— PB  mixture  solution  and  then  collected  SFG  spectra  from 
the  immobilized  CPI  at  the  SAM/50%— 50%  TFE— PB  mixture 
solution  interface.  Figure  2c  shows  the  presence  of  an  amide  I 
peak  of  a-helical  structure  with  the  peak  center  at  ~1650  cm-1. 
These  results  demonstrate  that  CPI  was  successfully 
immobilized  to  the  PEG2k  SAM  surface,  although  presenting 
a  random  coil  structure.  The  addition  of  TFE  to  the  PB 
solution  was  able  to  change  the  conformation  of  the  attached 
peptides  and  recover  a  well-ordered  a-helical  structure. 

The  same  procedures  were  repeated  for  the  short  PEG  chain 
maleimide-terminated  SAMs.  It  was  our  initial  hypothesis  that 
SAM  molecules  with  short  EG  chain  length  should  result  in 
CPI  peptides  with  a  more  rigid  molecular  orientation  than  long 
PEG  length  due  to  the  rigidity  and  compactness  of  the  SAM 
surface.  Short-chain  PEG  SAMs  were  composed  of  four 
ethylene  glycol  units  within  the  PEG  linker,  in  comparison 
with  ~45  units  of  PEG2k.  SFG  ssp  and  ppp  spectra  were 
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collected  from  immobilized  CPlc  at  the  SAM/peptide  PB 
solution  interface  and  are  shown  in  Figure  3a.  The  dominant 
peak  in  both  ssp  and  ppp  spectra  is  centered  at  1650 
cm-1, which  is  mainly  contributed  from  an  a-helical  con¬ 
formation.  The  SFG  spectra  can  be  fitted  with  two  peaks:  a 
weak  peak  at  ~1610  cm-1  and  a  strong  signal  at  1650  cm-1. 
The  weak  1610  cm-1  peak  is  attributed  to  the  CO  signal  of  the 
maleimide  group  on  the  SAM  surface.  The  signal  strength  ratio 
Tppp/zTssp  can  be  calculated  from  the  spectra  fitting  parameters  of 
the  amide  I  band  in  the  ppp-  and  ssp-polarized  SFG  spectra. 
The  deduced  ratio  from  the  chemically  immobilized  CPlc  on 
EG4  maleimide  SAM  is  1.54,  which  corresponds  to  an 
orientation  angle  of  ~35°  versus  the  surface  normal  for  the 
a-helical  peptide  assuming  that  the  peptides  exhibit  a  delta 
orientation  distribution. 

In  contrast  with  the  interactions  between  CPlc  and  the  PS- 
MA  surface,  which  lead  to  both  chemical  immobilization  and 
physical  adsorption,47  here  SAMs  with  four  EG  segments  were 
able  to  prevent  physical  adsorption  to  the  surface.  Figure  3b 
presents  the  SFG  ssp  and  ppp  spectra  collected  from  interfacial 
CPlc  at  the  SAM/PB  interface  after  the  SAM  surface  (with 
CPlc)  washed  several  times  using  PB  solution.  Both  spectral 
features  and  the  signal  intensities  are  similar  to  those  detected 
from  CPlc  at  the  SAM/CPlc  solution  without  washing.  This 
shows  that  the  CPlc  molecules  at  the  interface  are  chemically 
immobilized.  If  physically  adsorbed  molecules  exist  at  the 
interface,  they  would  be  washed  off  by  PB  solution,  leading  to 
reduced  SFG  signal  intensity,  which  was  not  observed.  Also,  the 
measured  signal  strength  ratio /ppp//ssp  from  CPlc  molecules  at 
the  SAM/CPlc  PB  solution  interface  leads  to  a  delta 
orientation  distribution,  which  is  different  from  the  CPlc  at 
the  PS-MA/CPlc  PB  solution  interface.  At  the  latter  interface, 
the  measured  signal  strength  ratio  /ppp//ssp  cannot  satisfy  a 
delta  or  Gaussian  orientation  distribution  due  to  the  presence 
of  both  chemically  immobilized  and  physically  adsorbed 
peptides.  Here  the  delta  orientation  distribution  shows  that 
all  peptides  are  chemically  immobilized.  To  further  demon¬ 
strate  the  absence  of  physically  adsorbed  peptide,  Figure  3c 
shows  a  time  dependent  SFG  signal  (ssp)  of  1650  cm-1 
collected  during  the  wash  process  after  CPlc  immobilization, 
indicating  no  decrease  in  the  signal  intensity.  These  results 
demonstrate  that  CPlc  can  be  chemically  immobilized  on  a 
maleimide  SAM  surface.  The  EG  segments  in  SAMs  effectively 
prevent  the  physical  adsorption  of  peptides. 

In  testing  the  two  maleimide-terminated  SAMs  with  different 
lengths  of  PEG  segments  and  their  ability  to  immobilize  CPI 
peptide,  it  was  observed  that  the  EG4  SAM  peptide 
immobilization  produced  not  only  a  stronger  amide  I  signal 
versus  the  PEG2k  SAM  peptide  immobilization  but  also  a  more 
ordered  conformation  without  the  use  of  TFE.  The  reduced 
signal  of  CPlc  on  Mal-PEG2k  SAM  is  thought  to  be  caused  by 
a  lack  of  surface  maleimide  groups  available  to  the  CPlc  for 
chemical  immobilization.  An  apparent  “lower”  density  of 
maleimide  would  result  in  a  reduction  in  SFG  signal,  which 
was  investigated  through  molecular  dynamics  (MD)  simu¬ 
lations  (shown  in  Figure  4).  Figure  4  shows  clearly  that  the 
surface  density  of  the  maleimide  group  of  Mal-PEG  2k  SAM  is 
much  lower  than  that  of  Mal-EG4  SAM. 

3.2.  Effect  of  Peptide  Immobilization  Site  on  CPI 
Conformation.  A  number  of  studies  have  been  performed  to 
test  antimicrobial  activity57,59  and  lipopolysaccharides  (LPS) 
binding  ability  of  AMPs.“3  Uzarski  and  Mello  found  that  the 
immobilized  CPI  through  the  C-terminus  tethered  to  SAM  had 
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Figure  4.  Side  (top)  and  top  (bottom)  views  of  Mal-PEG  2k  and  Mal- 
EG4  SAM  systems  after  production  run  of  20  ns.  (A)  c(2  X  l)  and  (B) 
c(4  X  2)  unit  cell  of  Mal-PEG2k.  (C)  c(2  X  1)  and  (D)  c(4  X  2)  unit 
cell  of  Mal-EG4:  red,  maleimide;  gray,  carbon,  oxygen,  and  sulfur; 
orange,  gold;  bulk  water  is  omitted  for  clarity.  More  details  about  the 
MD  simulation  can  be  found  in  the  Supporting  Information. 


much  better  LPS  binding  ability  than  peptides  bound  through 
the  N-terminus.  The  CPI  peptide  has  hydrophobic  C-terminus 
and  amphiphilic  N-terminus.  Immobilization  through  CPI  C- 
terminus  or  N-terminus  on  surface  may  substantially  affect  the 
peptide  structure.  On  the  basis  of  this  assumption,  we  decided 
to  determine  the  conformation  and  orientation  of  CPI  through 
the  immobilization  of  both  the  C-  and  N-termini.  Parameters 
such  as  conformation  and  orientation  may  have  a  significant 
impact  on  both  LPS  binding  and  antimicrobial  activity; 
therefore,  it  is  crucial  to  understand  and  characterize  their 
behavior. 

In  the  previous  section,  CPlc  was  chemically  immobilized 
onto  an  EG4  SAM  surface.  Strong  a-helical  signal  at  1650  cm-1 
was  present  without  the  need  for  addition  of  TFE,  and  the 
signal  strength  ratio  produced  an  orientation  of  ~35°  versus  the 
surface  normal.  Under  the  same  conditions,  cCPl  was 
immobilized  onto  Mal-EG4  SAMs.  In  contrast  with  C-terminus 
binding,  the  cCPl  at  the  Mal-EG4  SAM/cCPl  PB  solution 
interface  showed  a  very  weak  SFG  peak  in  amide  1  range. 
Figure  5a  displays  the  SFG  spectra  of  cCPl  at  Mal-EG4  SAMs/ 
cCPl  PB  solution  interface  (open  dot).  The  solid  dots  show 
the  SFG  spectra  of  pure  Mal-EG4  SAM  contacting  with  PB 
solution  before  adding  cCPl.  Again,  the  peak  with  center  1625 
cm-1  is  due  to  the  maleimide  group.  Therefore,  there  is 
minimal  difference  in  the  observed  SFG  spectra  upon  cCPl 
immobilization. 

No  detected  SFG  signals  from  the  SAM/cCPl  solution 
interface  may  be  due  to  no  peptide  binding  to  the  maleimide- 
terminated  SAM  surface,  a  random  coil  structure  of  the  peptide 
bound,  or  an  a-helical  structure  lying  down.  The  SAM  surface 
was  thrice  washed  then  contacted  with  TFE-PB  50%— 50% 
mixture  solution,  as  done  for  the  CPlc  immobilization  on  the 
Mal-PEG2k  SAM.  The  amide  I  signal  increased  dramatically 
with  its  peak  center  at  1650  cm-1,  as  shown  in  Figure  5b.  This 
result  indicates  that  the  cCPl  did  immobilize  on  Mal-EG4 
SAMs  however  was  in  a  random-coil  structure  or  a  lying-down 
helical  structure  and  required  TFE  to  induce  a-helical 
formation  or  orientational  change.  Figure  5c  shows  the  ppp 
and  ssp  spectra  detected  from  immobilized  cCPl  at  the  Mal- 
EG4  SAM/TFE-PB  50%— 50%  solution  interface.  According  to 
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Figure  5.  (a)  SFG  spectra  of  the  Mal-EG4  SAMs/PB  solution  interface  (solid  circle)  and  the  Mal-EG4  SAM/cCPl  PB  solution  interface  (open 
circle)  (b)  SFG  spectrum  of  Mal-EG4  SAM  immobilized  with  cCPl  in  contact  with  a  PB  solution  after  PB  wash,  (c)  SFG  spectra  of  Mal-EG4  SAM 
immobilized  with  cCPl  in  contact  with  a  TFE-PB  S0%— 50%  mixture  solution  (ppp  and  ssp).  (d)  Schematic  of  cCPl  conformation  change  at 
different  interface  condition:  contacting  with  PB  or  TFE-PB  solution. 


the  spectral  fitting  results,  the  SFG  signal  strength  ratio  jppp/ 
/ssp  is  1.94.  Under  this  condition,  the  immobilized  peptides 
have  a  single  orientational  distribution  with  the  orientation 
angle  of  67°.  A  schematic  representing  the  cCPl  conformation 
change  under  different  interface  conditions  (contacting  with  PB 
or  TFE-PB  mixture  solution)  is  shown  in  Figure  5d.  The  N- 
terminus,  having  six  charged  residues,  may  have  a  strong 
interaction  with  the  ethylene  glycol  groups,  preventing  the 
peptide  from  forming  an  a-helical  structure.  After  cCPl 
immobilization,  the  C-terminus,  having  hydrophobic  residues, 
cannot  favorably  interact  with  water  molecules  and  may  induce 
the  peptide  to  lie  down  on  the  surface.  The  different 
conformations/orientations  of  immobilized  cCPl  and  CPlc 
can  be  elucidated  in  more  detail  using  MD  simulations,  which 
will  be  published  in  the  near  future. 

3.3.  Antimicrobial  Properties  of  Immobilized  CPI  on 
SAMs.  The  SFG  results  demonstrate  that  different  PEG  linker 


lengths  and  different  binding  sites  greatly  affect  the  surface 
immobilized  CPI  secondary  structure  and  orientation. 
Solution-based  antimicrobial  tests  were  used  here  to  investigate 
the  relationship  between  immobilized  peptide  structure  and  the 
antimicrobial  activity.  Three  kinds  of  CPI-immobilized  surfaces 
(which  were  previously  studied  by  SFG)  were  tested:  Mal- 
PEG2k  SAM  immobilized  with  CPlc,  Mal-EG4  SAM 
immobilized  with  CPlc,  and  Mal-EG4  SAM  immobilized 
with  cCPl.  The  antimicrobial  activity  testing  procedure  has 
been  previously  described  in  Section  2.4.  The  glass  slides  with 
SAMs  immobilized  with  CPI  were  soaked  in  10s  CFU/mL  E. 
coli  containing  culturing  solution  for  18  h  at  37.5  °C.  Because 
the  peptides  were  chemically  immobilized  on  the  surface  of  the 
test  slides,  no  leaching  of  peptides  into  the  solution  is  expected. 
No  obvious  inhibition  on  E.  coli  growth  in  the  bacterial  culture 
solution  was  observed. 
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We  observed  that  the  slide  surfaces  were  attached  with 
bacteria  cells  stained  with  the  Bacterial  LIVE/DEAD  dyes  by 
fluorescence  microscopy.  We  observed  the  surface-attached 
bacteria  on  slides  by  fluorescence  microscopy  after  bacterial 
cells  were  stained  with  Bacterial  LIVE/DEAD  staining  dyes. 
Figure  6  displays  fluorescence  images  showing  bacteria  on 


(a) 


(b) 


(c) 


Figure  6.  Representative  fluorescence  micrographs  showing  compar¬ 
ison  of  surfaces  of  Mal-PEG2k  immobilized  with  CPlc  (a),  Mal-EG4 
immobilized  with  CPlc  (b),  and  Mal-EG4  immobilized  with  cCPl  (c) 
after  soaking  in  10s  CFU/mL  E.  coli  containing  50  mM  GSH  for  18  h 
at  37.5  °C.  Bacterial  cells  were  stained  with  Bacterial  LIVE/DEAD 
staining  dyes,  and  viable  cells  shown  green  while  dead  or  membrane 
damaged  cells  shown  red  fluorescence  in  the  images.  Images  shown  in 
the  left  column  contain  a  composite  image  of  both  alive  and  dead  cells, 
whereas  the  right  image  contains  only  the  dead  cells  from  the 
corresponding  cells  on  the  left.  Scale  bar  represents  20  /(m  in  length 
and  applies  to  all  images. 


different  surfaces  of  Mal-PEG2k  SAM  immobilized  with  CPlc 
(a),  Mal-EG4  SAM  immobilized  with  CPlc  (b),  and  Mal-EG4 
SAM  immobilized  with  cCPl  (c).  In  these  graphs,  viable  cells 
generate  green,  while  dead  or  membrane-damaged  cells 
generate  red  fluorescence  signals.  Composite  figures  of  both 
alive  and  dead  cells  are  shown  in  the  left  panels,  whereas  the 
right  panels  show  only  the  dead  cells  from  the  corresponding 
image  on  the  left.  From  these  images,  the  Mal-PEG2k  surface 
with  CPlc  immobilized  has  much  less  attached  and  killed 
bacteria  compared  with  those  on  the  Mal-EG4  surface- 
immobilized  with  CPlc.  This  is  consistent  with  our  SFG 
results,  which  show  that  many  fewer  CPlc  peptides  are 
immobilized  on  the  Mal-PEG2k  surface  due  to  lower  quantities 
of  maleimide  groups  available  for  immobilization  (confirmed  by 
the  MD  simulations).  However,  most  of  the  bacteria  adsorbed 
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on  the  Mal-PEG2k  surface  were  killed.  For  surfaces  of  CPlc 
and  cCPl  immobilized  on  Mal-EG4,  both  surfaces  have  much 
more  attached  and  killed  bacteria  compared  with  the  Mal- 
PEG2k  surface,  but  the  ratio  of  the  killed  versus  attached 
bacteria  was  less  than  that  on  the  Mal-PEG2k  surface.  There 
was  not  a  substantial  difference  in  the  numbers  of  attached  or 
killed  bacteria  for  either  of  the  cecropin  attachment  sites  on 
Mal-EG4;  CPlc  immobilization  with  an  a-helical  structure 
shows  slightly  better  bacterial  capturing/killing  capability.  If  we 
assume  that  the  CPI  peptides  need  to  form  (a  standing-up)  a- 
helical  structure  in  the  bacterial  cell  membrane  to  capture  and 
kill  bacteria,  the  observation  demonstrates  that  the  immobilized 
peptides  originally  with  a  random-coil  structure  or  lying-down 
helical  structure  will  change  into  a-helical  structure  or  change 
its  orientation  in  the  bacterial  cell  membrane  to  capture  and  kill 
the  bacteria.  The  TFE  contacting  SFG  experiments  of  cCPl 
(shown  in  Figure  5c)  demonstrated  this  possibility:  immobi¬ 
lized  cCPl  adopts  a  tilted  a-helical  structure. 

4.  CONCLUSIONS 

In  this  research,  CPI  immobilization  on  SAM  surfaces  has  been 
investigated  in  situ  by  using  SFG  spectroscopy.  We  studied  the 
effects  of  different  PEG  lengths  of  maleimide  SAMs  on 
immobilized  CPlc  secondary  structure.  CPlc  on  long  PEG 
SAMs  shows  random-coil  structure,  while  the  shorter  PEG 
length  exhibited  a-helical  conformation.  The  CPlc  binding  to 
Mal-EG4  also  shows  a  single  distribution  with  an  orientation 
angle  of  35°  versus  surface  normal.  In  contrast,  the  immobilized 
CPI  bound  to  Mal-EG4  SAMs  through  its  N-terminus  showed 
random-coil  structure  or  lying-down  helical  structure.  From 
these  results,  we  have  demonstrated  that  the  differences  in  the 
properties  of  the  SAM  and  peptide  binding  site  greatly  affect 
the  conformation  and  orientation  of  immobilized  peptides. 
Such  knowledge  may  be  used  to  design  tailored  surfaces  with 
proper  conformation  and  orientation  to  maximize  the  surface 
efficiency  and  activity.  More  details  of  the  different  interactions 
between  the  CPI  with  a  cysteine  group  on  different  termini 
(e.g.,  cCPl  and  CPlc)  and  Mal-EG4  SAM  surface  are  being 
investigated  using  MD  simulation,  which  will  be  reported  in  the 
future. 
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